The formation of an interstratified structure in dioctahedral smectite was assumed to be influenced by (1) the overall layer charge density and its distribution in the structure, (2) the solvation energy of the cation, and (3) the nature of the solvation agent. By holding factors (2) and (3) constant it was possible to calculate the average local charge densities QA, QC, and QE which are necessary for formation of 10-, 14-, and 16.8-fk mixed-layer phases in potassium-treated and ethylene glycol (EG) saturated smectites. The values ofQA, QC, and QE were 1.99, 1.2, and 0.56 esu/unit cell, respectively. Ammonium-treated smectites saturated with EG gave corresponding mean local charge densities of 2.7, 1.6, and 0.72 esu/unit cell. Calculations were made under the limiting condition QA > QC > QE > 0.
INTRODUCTION
Various authors have proved the existence of two and three kinds of unit structures in smectites saturated with monovalent ions with low solvation energy, such as K +, NH4 +, Rb +, and Cs + (Dyal and Hendricks, 1952; Weaver, 1958; Tettenhorst and Johns, 1966; Sawhney, 1969; Shutov et al., 1969; Muravyov and Sakharov, 1970) . Such behavior is quite common (Ci~el and Machajdik, 1981) , and at present it is accepted that the formation of mixed-layer structures is caused by different local layer charges of smectites.
Collapse of the interlayer of smectite is determined by interaction of the cation hydration energy and the electrostatic force between the negative layer charge and cation. Wear and White (1951) , Weaver (1958) , and Mackenzie (1963) suggested that the decisive factor influencing the collapse of smectites is the nature of the charge located on the tetrahedral sheet. Tettenhorst and Johns (1966) and Drits (1966) emphasized that the tetrahedral charge ought to be located symmetrically on both sides of the interlayer space, if a collapse to 10 .~ is to take place. Others, such as Weir (1965) , Schultz (1969) , Sawhney (1969), and Horvfi.th and Nov/~k (1976) , claimed that the total charge of the unit cell is the controlling factor.
The variability of the local layer charges of smectite has been assumed explicitly by various authors, but the method of determination of charge distribution appeared only in recent years (e.g., Lagaly and Weiss, Copyright 9 1981, The Clay Minerals Society 1969; Lagaly et al., 1976; Stul and Mortier, 1974) . The total layer charge was presented as an average value. If the layer charge is responsible for the contractibility of the smectite interlayers, certain characteristic values (or limits of values) are to be expected for each degree of contractibility of interlayers. Actually, the characteristic charges of 10-A unit structures and/or 16.8-A unit structures in mixed-layer minerals and smectites have been determined by several authors (Table 1) . Weaver and Pollard (1973) found the mean layer charge of montmorillonites and illites to be 0.81 and 1.44 esu/ uc, respectively.
Assuming (1) the interaction of cation hydration energy and electrostatic force between the negative layer charge and the cation as the decisive factor for swelling properties of smectites and (2) a heterogenous distribution of layer charge for each kind of unit structure, the characteristic charges of the 10-, 14-, and 16.8-• unit structures in monoionic potassium and ammonium smectites saturated with ethylene glycol were determined. The suitability of the method of"characteristic charges" for the determination of charge-density distribution was then ascertained.
CALCULATIONS OF MEAN LOCAL CHARGE DENSITY OF LAYERS

Formulation of the method
The formation of an interstratified structure in each dioctahedral smectite was assumed to be influenced by (1978) 0.62 + 0.24 1.73 _+ 0.14 the following factors: (1) The overall layer charge density and its distribution in the structure. (In the calculations tetrahedral and octahedral charges were not distinguished.) (2) The solvation energy of the cation. (3) The nature of the solvation agent. For a given smectite the first factor is constant. By combinations of factors (2) and (3), various forms of interstratification of layers are possible. Cations with lower solvation energies and solvation agents with lower dipole moments bring about expansion of a smaller number of interlayers and vice versa. Electrostatic charge, formed by substitutions of cations in octahedral and tetrahedral sheets, attracts interlayer cations, and, thus, 10-A layers tend to be formed, In such places in the structure, where the attraction forces prevail over the solvation forces, expansion is prevented regardless of the cation and solvation agent that are present in the interlayer. It is evident that the intensity of the attraction forces that would be necessary for the formation of 10-/~ layers in the presence of a cation with low solvation energy will be smaller than in the presence of a cation with higher solvation energy. A similar consideration is valid also for solvation agents with various dipole moments (/x). Which of the three kinds of unit structures (10-, 14-, or 16.8-]k) is formed when a particular combination of interlayer cation and solvation agent is used, depends solely on the local charge density.
Characteristic negative charges QA, QC, and QE can be assigned which are necessary for formation of each layer. The sum of the proportion of each kind of layer multiplied by its respective charge must give the total charge of the layer.
where the probability coefficients pA, pC, and pE can be calculated from X-ray powder diffraction (XRD) data by the Fourier transform method. Total charge density, Q~, can be calculated from the structural formula. (Symbols used in the present paper are the same as those used in 12f~el and Machajdfk (1981).) Thus, three unknowns are present in the equation, i.e., local charges of formation of the individual kinds of layers. Eq. (1) can be rewritten for three different samples:
If the probability coefficients and total charges of all three samples are known, the characteristic charges of the layers can be calculated. However, the exact values of the matrix of constants of the system are not known, and it is therefore necessary to describe the actual system of equations as follows
if charges QA, QC, and QE are equal in all of the studied samples, the values of the matrix of constants are responsible for errors in calculations. Hence, it follows that the correct values QA, QC, and QE can not be calculated if just one system of equations is used. This problem can be solved in two ways. First, it is possible to take a system of n equations (1), where n > 3, and then to use the least square method. Second, the n equations could be used to form a statistically significant number of systems of three equations with three unknowns, from which the average values of QA, QC, and QE could be calculated. It is expected that the values of these charges will satisfy the relation QA> QC> QE>0.
This relation can be used as one of the possible logical criteria for estimation of reliability of the calculated values. To obtain the average values of QA, QC, and QE, both the least squares method, and the second method were used. The advantage of the second method is the fact that the individual deviations from average values of QA, QC, and QE could be seen.
Calculations
For calculations of the characteristic charges, the analyzed interstratified structures and total charges calculated from the structural formulae reported by ~i~el and Machajd~ (1981) were used. The set of K § rated and ethylene glycol-solvated smectites consisted of 12 samples. By writing Eq. (1) for each of them using the pertinent probability coefficients and Qtot (Table 2) , 12 equations with 3 unknowns QA, QC, and QE, were generated which were used to calculate the coefficients for the relation Qtot --f(pA, pC, pE).
(5) The general equation for the regression analysis is:
The numerical values of Eq. (6) were calculated by the method described by Ezekiel and Fox (1959) to give:
Qtot ---2.05pA + 1.29pC + 0.33pE.
The correlation coefficient is r = 0.96 for this empirical relation. The coefficients in Eq. (7) represent the mean local layer charges: Q--A = 2.05 esu for 10-A, Q---C = 1.29 esu for 14-/~, and QE = 0.33 esu for 16.8-/~ thickness.
The second method yielded from the 12 empirical relations (12!/3!)/12 -3)! = 220 systems of three equations with three unknowns. From these systems the mean local layer charges necessary for the formation of the unit structures A = 10/~, C = 14/~, E = 16.8 ]k can be calculated if the interlayer is saturated with K § and with ethylene glycol. A similar procedure was used to calculate those values for the set of samples saturated with NH4 + and solvated with ethylene glycol. For this calculation samples 7 and 12 were not used because the interpretation of the layer AA = 20/~ was questionable. The results are shown in Table 3 .
The influence of errors inherent in the probability coefficients on the calculations of equation systems (QA, QC, and QE was estimated by making control calculations, which showed that the system of Eq. (3) is very sensitive to the precision of input data and acts as an amplifier of errors which are entered into it in the form of incorrect values of the matrix of constants. The random scattering of individual values around the mean values of QA, QC, and QE do not affect the mean values, as checked on two subsets of approximately 50 equation systems.
DISCUSSION
The values QA, QC, and QE must be interpreted as average values. A unit structure A arises where the sum of local charges on two adjacent layers equals QA. It is probable that an interval exists around each characteristic charge within which the local charge may vary and the character of the unit structure remains unchanged. There are two reasons that justify this assumption: (1) It was assumed that there is no difference between the influence of the charge located on tetrahedral and octahedral sheets. In real structures with such a distribution of charges it can be expected that where the charge is localized on the inner tetrahedral sheet, a smaller charge will suffice for the formation of Table 3 . Average values of the characteristic charges on layers A, C, and E compared with charge and expandability of mica, vermiculite, and Ca-montmorillonite. Figure 1 . Schematic drawing of two possibilities of mixed layering. the given kind of unit structure than would be necessary when charge is localized on the octahedral sheet or even when it is localized on the outer tetrahedral sheet.
(2) Each interlayer space will acquire a state of solvation corresponding to one of the three interlayer distances (10, 14, and/or 16.8/~) regardless of the effective charge density in it. Most probably it will be that interlayer whose mean local charge density is nearest to the effective charge density in the interlayer space of the two adjacent layers.
There is good agreement between the unit structures A, C, and E and their characteristic charges for K +treated samples with charges and expandability of mica, vermiculite (Bradley et al., 1963) , and smectites as they are shown in Table 3 . This fact may be accepted as corroboration of the correctness of the calculated values. Larger values of these charges observed in NH4+-saturated samples can be explained by higher solvation energy of NH4 + compared with that of K § This is why a greater charge is necessary to prevent an expansion of the interlayer. In spite of this, the QA seems to be too large. The occurrence of sites with such a high charge density is improbable in smectites. On the other hand, for NH4+-treated and ethylene glycol-solvated smectites the coefficient pA is very small (see Table 1 ), confirming that there are few such layers in the structure.
If the characteristic charges actually cause the formation of the individual unit structures in the interstratified structure, the probability coefficients may be reinterpreted. Because to each layer belongs a certain charge, the probability coefficients pA, pC, pE indicate the relative quantity of the respective charge in the structure. Thus, for example, sample 6 from Table 1 contains, according to the complex of K § and ethylene glycol solvated samples, 26% layers with a charge of 1.99 esu/uc, 12% layers with a charge of 1.2 esu/uc, and 62% layers with a charge of 0.56 esu/uc. The NH4+-saturated and ethylene glycol solvated complex contains 9~ layers with a charge 2.7 esu/uc, 16% layers with a charge of 1.6 esu/uc, and 75% layers with a charge of 0.72 esu/uc. Correctness of such an interpretation should be verified by another independent method for determination of charge density distribution, e.g., by the method proposed by Lagaly et al. (1976) .
The description of an interstratified structure by probability coefficients does not say anything about the sequence of layers, i.e., whether the sequence of layers AC exists over the whole area of the layer A, or only in one part of it. The probability coefficients express the quantity of the individual layers and the quantity of the individual sequences. They do not express the way in which the layer sequences are arranged in the actual structure. Thus, it is not possible to make the decision whether a real structure resembles the ~pe 1 or type 2 from Figure 1 .
The attempt to calculate the characteristic charges QA, QB, and QD for smectite soNated with water molecules was unsuccessful because the samples were investigated at relative humidities which varied between 0.45 and 0.6. These sam oles contain the unit structures A = 10 A, B = 12.6 A, and D = 15.5 /~ ((~i~el and Machajdik, 1981) . The same specimen studied at two different relative humidities contained various portions of expanded and non-expanded layers. In spite of this problem, the value of QA for the K+-treated specimen, 1.3 esu/uc, and the value of QB, 0.86 esu/uc, were acceptable. No physical interpretation could be given for the charge QD or for all three charges of smectites saturated with NH4 § CONCLUSIONS Analyses of 12 samples of monionic K-and NH4smectites saturated by ethylene glycol allowed the calculation of the characteristic mean local charges necessary for the formation of 10-, 14-, and 16.8-~ unit structures. Values obtained for K+-smectites (1.99, 1.20, and 0.56 esu/uc) corresponded fairly well with those of mica, vermiculite, and montmorillonite layer charges for which the above-mentioned unit structure distances are typical.
Significantly higher values of the characteristic mean charge density calculated for monoionic ammonium smectites saturated with ethylene glycol (2:7, 1.6, and 0.72 esu/uc) can be interpreted as a consequence of greater solvation energy of NH4 + compared with that of K +.
By the present method the characteristic mean charge density of layer formation for smectites treated with other monovalent cations (e.g., Rb § Cs § can be calculated, as well as those treated with different solvation agents (water, glycerol, etc.).
